Fiber-optic image guides in confocal reflectance endomicroscopes introduce background backscatter that limits the achievable contrast in these devices. We show the dominant source of backscatter from the image guide is due to Rayleigh scattering at short wavelengths and terminal reflections of the fibers at long wavelengths. The effective Rayleigh scattering coefficient and the wavelengthindependent reflectivity due terminal reflections are measured experimentally in a commercial image guide. The Rayleigh scattering component of backscatter can be accurately predicted using the fractional refractive-index difference and length of the fibers in the image guide. We also presented a simple model that can be used to predict signalto-background ratio in a fiber-optic confocal reflectance endomicroscope for biologically relevant tissues and contrast agents that cover a wide range of reflectivity.
Introduction
Confocal endomicroscopes use one or more optical fibers to simultaneously deliver illumination light and return reflected or fluorescent light to a detector. [1] [2] [3] Distally scanned devices employ a single optical fiber 4 ͑or a pair of illuminationdetection fibers 5 ͒ and miniature scanner distal to the fiber, while proximally scanned devices 1,6,7 use a fiber-optic image guide to simplify probe design. The image guide of a proximally scanned device introduces background backscatter to the detected signal that, when used in reflectance mode, can be difficult to discriminate from the backscatter of interest generated by the tissue. Endomicroscopes used in fluorescence mode do not have this problem because the imageguide backscatter is attenuated by the same filters that block reflected excitation light from the sample.
Studies involving confocal reflectance microscopy of surgical specimens [8] [9] [10] [11] have shown that reflectance contrast has great potential for disease diagnosis and, importantly, does not require the application of contrast agents. Fibered imageguide systems for confocal fluorescence endomicroscopy have been deployed for pilot clinical trials by several research groups, 12, 13 and a commercial system is available from Mauna Kea Technologies ͑Paris͒. Even though reflection contrast can provide diagnostic imagery, there have been few devices reported in the literature 7 and no systems are available commercially. The reason for this is likely the technical challenges involved in achieving sufficient reflection contrast due to image-guide backscatter.
In this paper, we determine the limit of contrast for the class of confocal reflectance endomicroscopes that employ a fiber-optic image guide. A model of terminal reflections in a fiber-optic image guide and a method to minimize them was presented in a previous paper. 14 We showed that it was difficult to completely attenuate image-guide backscatter. In this paper, we show that image-guide backscatter is due to terminal backreflections from the two ends of the image guide and Rayleigh scatter from within the fibers. We derive an expression to describe Rayleigh scatter in a fiber-optic image guide, measure the Rayleigh scattering coefficient of a commercial image guide, and propose a model to predict signal-tobackscatter ratio for a biologically relevant tissues and contrast agents that cover a wide range of reflectivities.
Theory
The problem of Rayleigh backscatter in a single-mode optical fiber was first treated by Brinkmeyer 15 as a deterministic process. The author derived an expression for Rayleigh backscatter due to an optical pulse assuming a completely incoherent source. Gysel and Staubli 16 derived an equivalent expression for mean backscatter for the case of a continuous wave ͑co-herent͒ input source. The latter is more appropriate for application to an image guide and is given by
where ͗I b ͘ is the mean backscattered intensity, I 0 is the source intensity, ␣ R is the Rayleigh scattering attenuation constant, ␣ is the total power attenuation constant, S is the backscatter recapture factor, and L is the fiber length. The total attenuation includes both absorption and scattering losses but not losses due to mode coupling between multiple fibers. The mean backscattered intensity is independent of source coherence ͑i.e., bandwidth͒, and its power spectral density is twice that of the source. 16 The Rayleigh scattering attenuation constant is given by 17
where is the wavelength, A͑r͒ is the local Rayleigh scattering coefficient, P͑r͒ is the local light intensity in the fiber, and r is the radial coordinate of the fiber. The distribution of power and Rayleigh scattering coefficient depends on the refractive index profile of the fiber and its normalized frequency. It is convenient to describe the Rayleigh scattering coefficient as an effective or average value Ā as defined in Eq.
͑2͒.
The transmission of an individual fiber is determined by fiber attenuation and additional losses due to cross talk ͑mode coupling͒ with other fibers in the bundle. For short image guides typical of confocal endomicroscopy, attenuation due to cross talk is the dominant factor and fiber attenuation can be ignored. In the limit as total attenuation goes to zero, the last term in Eq. ͑1͒ can be simplified as follows:
We now add a term to account for the dominant attenuation mechanism in a fiber-optic image guide, cross-coupling. The oscillatory cross-coupling of power in an image guide takes place over centimeters to tens of centimeters. 18 We therefore consider the average power propagating in the fiber to be reduced by a factor, T c the average transmission of an individual fiber due to cross-coupling. The exact fraction of power lost due to cross-coupling is periodic in length and wavelength and quite difficult to predict because it depends on the size and shape of the fibers involved. We therefore use an empirically determined average transmission to account for the cross-coupling between fibers. An expression for Rayleigh backscatter in a fiber-optic image guide may then be derived by combining Eqs. ͑1͒-͑3͒ and incorporating T c as discussed to obtain
The refractive index profile of an optical fiber is created by doping pure silica glass with specific impurities. Unfortunately, this doping also leads to increased Rayleigh scatter. The refractive index of silica glass increases with GeO 2 doping concentration and decreases with F doping concentration. Ohashi et al. measured Rayleigh scattering and refractive index difference in fiber performs 17 and proposed the following empirical formula to predict Rayleigh scattering:
where ⌬ = ͑n 1 2 − n 2 2 ͒ / 2n 1 2 is the fractional refractive index difference, n 1 and n 2 are the refractive indices of the GeO 2 -doped core and silica cladding ͑or silica core and F-doped cladding͒, respectively, and A 0 = 0.8 ͑in decibels per quadrupled micrometers per kilometers͒ is the Rayleigh scattering coefficient of pure silica. We have made the assumption in Eq. ͑5͒ that the effective Rayleigh scattering coefficient is equal to the Rayleigh scatter coefficient at the peak index difference. This simplifies calculations when the exact index profile and power distribution are not known, and it is equivalent to assuming that power is confined to the core of the fiber.
The backscatter recapture factor ͑or fraction of backscattered light captured and transmitted in the opposite direction͒ depends on the refractive index profile of the fiber ͑step or graded index͒ and number of propagating modes ͑single or multimode͒. The backscatter recapture factor for a graded ͑parabolic͒ index fiber operating below cutoff ͑multimode͒ is given by 19
where NA is numerical aperture, and for step-index fibers the factor of 1 / 4 is replaced by 3 / 8. In single-mode fibers, the backscatter recapture factor satisfies 0.21͑n 1 2 − n 2 2 ͒n 1 −2 ഛ S ഛ 0.24͑n 1 2 − n 2 2 ͒n 1 −2 . 15 This section has highlighted some useful relationships that can be used to drive the development of new devices. Equation ͑4͒ illustrates that Rayleigh scatter is proportional to image guide length, and as expected, inversely proportional to wavelength to the fourth power. This suggests devices with short image guides operating in the long-wavelength region will achieve the highest signal to background levels. Rayleigh scatter is proportional to doping concentration in the core as predicted by Eqs. ͑4͒ and ͑5͒. Therefore, image guides with low doping concentrations in the core ͑ideally pure silica with F-doped cladding͒ are preferred over images guides with Gedoped cores. Rayleigh backscatter is also directly proportional to the fractional refractive index difference of the image guide through the recapture factor and consequently Rayleigh backscatter increases quadratically with fiber NA.
Materials, Methods, and Analysis

Measurement of Rayleigh Scatter
Experimental setup
A schematic diagram of the experimental setup used to measure Rayleigh scatter as a function of wavelength is shown in Fig. 1 . Light from a Ti:sapphire laser ͑Coherent Chameleon͒ was coupled into one arm of a broadband −3-dB fiber coupler ͑Thor Labs, p/n FC850-40-50-APC͒. Light from one of the output fibers was optically relayed onto the proximal end of the fiber-optic image guide under test. The optical replay consisted of a fiber port ͑Thor Labs, p/n PAF-X-7-B͒ and an aspheric lens ͑LightPath Technologies, p/n 350340͒. A microscope slide placed between the image guide and the asphere allowed a refractive index coupling oil to be placed between the slide and the image guide. A coupling oil ͑Cargille Labs, Cedar Grove, New Jersey͒ with refractive index n = 1.4920 was used to match the average index of the fiber cores. 14 All refractive indices are specified at 589.3 nm and 25°C. The aspheric lens was on a z-axis stage to focus the spot on the proximal face of the image guide, and the image guide was held in an x-y stage to allow different fibers in the image guide to be illuminated.
A microscope coverslip was optically coupled to the distal end of the image guide using the same coupling oil as the proximal end to minimize backreflections. A 20X microscope objective and CCD camera were employed at the distal end to facilitate coupling the spot at the proximal end of the image guide into a single fiber and to quantify the light intensity coupled into the fibers of the image guide. Coupling the illumination spot into a single fiber required that the spot first be focused while monitoring the image of the distal end of the image guide on the CCD camera and then the spot could be translated to illuminate different fibers in the image guide.
The remaining two ports of the fiber coupler were coupled to a two-channel power meter ͑Newport 2931 -C with 918D-UV photodetectors͒. Channel 2 measured the backreflected power from the image guide P b , and channel 1 measured a power reference P ref . The power meter was set to report the referenced power ratio P b / P ref in decibels. The Ti:sapphire laser was tuned to 750, 800, 850, 900, and 950 nm, and the Rayleigh backscatter from the image guide was measured at each wavelength in triplicate. The image guide was refocused at each wavelength to correct for the axial chromatic aberration of the aspheric lens. The backscatter measurements were normalized to the power incident on the image guide to correct for the spectral transmission of the optical components. The proximal end of the image guide was replaced with the channel 1 detector to measure the referenced incident power P 0 / P ref on the image guide at each wavelength. The referenced incident power was subtracted from the corresponding referenced backscattered power to give the backscattered power relative to incident power, P b / P 0 . An image of the distal end of the image guide was also acquired at each wavelength so that that the average power transmitted by the target fiber could be quantified.
We measured Rayleigh backscatter from a Sumitomo image guide ͑p/n IGN-08/30͒. This image guide has 30,000 graded-index fibers on 3-m centers, an NA of 0.35, and an outside diameter of 1 mm. The image guide was 3 m long and was measured as-shipped from Sumitomo without cutting or repolishing the ends. The vendor specified an average core refractive index of 1.49 ͑1.50 on axis͒ and a cladding refractive index of 1.45. 20
Rayleigh scatter model
The backscattered data were fit to a simple linear model,
which is functionally equivalent to the expression for Rayleigh backscatter derived previously in Eq. ͑4͒. The model is linear in reciprocal wavelength to the fourth power and has two parameters: constant R 0 is wavelength-independent backscatter and slope
encapsulates the four parameters introduced in Eq. ͑4͒. The length of the fiber was known, the backscatter recapture factor was calculated using Eq. ͑6͒, and the refractive indices were provided by the vendor. We calculated the effective Rayleigh scattering coefficient for each fiber. The average transmission of the measurement fiber due to cross-coupling was determined from the CCD images acquired from the distal face of the image guide. The image pixels corresponding to fiber cores were segmented, and the power propagating in each fiber was calculated as the sum of all pixel intensities belonging to that fiber. The transmission of the measurement fiber was calculated as the power of the measurement fiber divided by the sum of all fiber powers. The average transmission T c was calculated as the sum of the transmissions at each wavelength divided by the number of wavelengths.
Prediction of Background Backscatter
Background backscatter of a fiber-optic image guide was predicted from the fractional refractive index difference and compared to the experimentally measured data points. We used Eqs. ͑7͒ and ͑8͒ to model backscatter, Eq. ͑5͒ to predict the Rayleigh scatter coefficient from the fractional refractive index difference of the image guide and the Rayleigh scatter coefficient of pure silica, and Eq. ͑6͒ to calculate the backscatter recapture factor. Image guide parameters ͑L , T c , n 1 , n 2 ͒ were chosen to be identical to those of the experimental image guide to allow for direct comparison, and we used the experimentally measured value for the constant ͑terminal͒ reflection R 0 . 
Signal-to-Background Ratio ͑SBR͒ Model
A schematic diagram illustrating the image-guide contrast model for a reflection-mode confocal endomicroscope is show in Fig. 2 . The aim is to model SBR
where signal S PMT is defined to be backscatter from the focal volume under investigation and background B PMT is defined to be unwanted backscatter due to Rayleigh scatter and terminal reflections from the image guide. Signal contrast generated by the biological sample has reflectivity R S at the input to the distal objective. T D and T IG are the transmissions of the distal objective and image guide, R P and R D are the reflections at the proximal and distal ends of the image guide, and R IG is the Rayleigh backscatter from the image guide itself. SBR was plotted using Eq. ͑9͒ and the experimentally determined values for image-guide Rayleigh scatter and terminal reflections ͑the mean value for the constant reflection R 0 was divided equally between the two terminal reflections͒. We modeled four biologically relevant tissues and/or contrast agents, specifically, amelanotic tissue, amelanotic with acetic acid, melanotic tissue, and gold nanoparticles, to span the entire range of reflectivity. Reflectivity at the input to the distal objective was approximated for each tissue and/or contrast agent using
͑10͒
where ⌬n = n 1 − n 2 is the refractive index difference that generates the reflectance signal and n = ͑n 1 + n 1 ͒ / 2 is the mean refractive index. We used values typical of confocal microscopy for the imaging depth d = 100 ͑in microns͒ and the total attenuation coefficient t = 100 ͑per centimeter͒. 21 Refractive index data found in the literature was used to calculate reflectivity at the focal volume of each tissue or contrast agent. Refractive index data and calculated reflectivities are summarized in Table 1 .
Results
Measured backscatter data are plotted in Fig. 3 . The plot shows reciprocal wavelength on the abscissa and measured backscatter on the ordinate. Data points and error bars indicate backscatter measurements for three fiber cores selected at random from the image guide. The lines show the best fit to the linear model of Eq. ͑7͒. Best-fit parameters, standard errors, and 95% confidence intervals are shown in Table 2 . The measured fiber transmission due to cross-coupling, calculated backscatter recapture factor, and Rayleigh scatter coefficients calculated from the measured data are shown in Table 3 for each fiber core. Instrumentation backscatter was measured to be −56.2 dB without the aspheric lens installed and −55.9 dB with the aspheric lens and microscope slide installed but without the image guide.
Discussion
Measurement of Rayleigh Scatter
The experimental setup employed optical components with very low backreflection so they did not contribute to the measured backscatter signal. The minimum detectable reflectance was limited by the directivity of the fiber-optic coupler, which was specified by the manufacturer to be Ͼ55 dB. The coupler employed FC/APC ͑FC type, angled physical contact͒ connectors to reduce terminal reflection below −65 dB. An aspheric lens design to image through a 1.2-mm window was used instead of a multielement microscope objective lens to minimize the backreflections from the lens. We did not subtract instrumentation backscatter from the experimental measurements because the instrumentation backscatter was 10 times lower. In order to minimize terminal reflections from the image guide, the spot projected onto its proximal face had a mode field diameter of 3 m and NA 0.26 to match the average geometry of the fiber cores. The coupling oil had similar dispersion characteristics to that of fused silica, and consequently, the dependence of the terminal reflections on wavelength was negligible. The model of Eq. ͑7͒ was appropriate as indicated by the high values for goodness of fit ͑R 2 Ͼ 0.98͒ in Table 2 . The backscatter signal is quite different between cores as illustrated by the significant variation in slope and offset between the three data sets plotted in Fig. 3 . The slopes of the best-fit lines describe the intensity of the Rayleigh scatter while the offsets ͑y intercepts͒ describe the wavelength-independent component due to the terminal reflections. The variation in Rayleigh intensity ͑slope͒ is most likely due to differences in fiber transmission due to cross-coupling rather than differences in Rayleigh scatter coefficient, backscatter recapture factor, or fiber length ͓see Eq. ͑8͔͒. This is supported by numerical analysis, 18 which shows that the coupling between fiber modes of an image guide is very sensitive to variation in core size and shape. The variation in constant backscatter between the three data sets is probably due to slight differences in termination between the three fiber cores. We have shown that it is not possible to exactly index match all fiber cores simultaneously due to the variation in size and shape of the fibers. 14 Rayleigh scatter and terminal reflections therefore should be measured and corrected on a per fiber basis rather than on a global basis to be most effective; however, this is not practical in an image guide with many fibers.
Prediction of Image-Guide Backscatter
Predicted and measured background backscatter from the fiber-optic image guide is plotted in Fig. 4 , which illustrates the two sources of inherent backscatter-Rayleigh scatter and terminal reflections. Background backscatter is dominated by Rayleigh scatter at short wavelengths and by terminal reflections at long wavelengths.
The image-guide backscatter predicted using the fractional refracitve index difference of the image guide matches well with the experimental measurements from Fig. 3 . The Rayleigh scatter component of the backscatter is calculated entirely from basic image-guide parameters ͑core and cladding refractive indices, length, and transmission͒ while the experimental measured value is used for the terminal reflection component. The Rayleigh scatter coefficient calculated from the fiber's refractive index difference was less than the measured values reported in Table 3 ; however, the calculated value was still within the standard error of the mean measurement. The doping concentration in the core and cladding ͑and refractive index profile͒ would be better predictors of the Rayleigh scatter coefficient; 22 however, these data are generally proprietary and not published by image-guide vendors. The Rayleigh scattering coefficient of GeO 2 and F co-doped glass is reported 23 to be linear in GeO 2 concentration and quadratic in F concentration. Other factors, such as fiber-drawing tem- perature, annealing treatment, and drawing speed, have also been shown to influence Rayleigh scattering, 22, 24 but these factors were not considered here. It may be possible to reduce Rayleigh backscatter in an image guide using pure silica fiber cores with F-doped cladding ͑to reduce the Rayleigh scatter coefficient͒ and smaller fractional reflective index differences ͑to reduce recoupling of Rayleigh scatter͒. Telecom fiber ͑Corning SMF-28͒ generates 25 times less Rayleigh backscatter than image-guide fiber due primarily to its smaller reflective index difference.
SBR Model
The SBR model compares the signal detected from four biologically relevant contrast targets that cover a wide range of reflectivities to the magnitude of background scatter due to the image guide. This allows the prediction of SBR for the contrast targets as a function of wavelength ͑due to Rayleigh scatter͒ and terminal reflections.
The model of Eq. ͑9͒ is derived by following optical power as it is transmitted, reflected, and backscattered through the system. The five squared factors in the numerator correspond to attenuation of the signal in the forward and backward directions due to attenuation in the sample, transmission of the distal objective, the two image-guide terminal reflections, and transmission of the image guide. The three terms in the numerator correspond to the three sources of attenuated backscatter noise, namely, Rayleigh scatter and the two terminal reflections from the image guide. The sources of backscatter noise are assumed to add incoherently.
The reflectance at the entrance to the distal objective due to the biologically relevant targets is approximated using Eq. ͑10͒. Refractive index changes between cellular components produce the greatest source of contrast in confocal reflectance images of the microscopic structure of tissue. 21, 25 We assume that reflectivity is given simply by power reflectance at normal incidence multiplied by an exponential to account for absorption and scattering.
Contrast in amelanotic tissue is generated by the refractive index differences between organelles ͑mitochondria lysomes, peroxisomes͒ and subcomponents of organelles ͑chromatin material in the nucleus͒ and there surrounding medium. 21, 26, 27 The amelanotic reflectivity is calculated from the refractive index difference for amelanotic tissue from Smithpeter et al., 2 and the mean cellular refractive index from Drezek et al. 27 The topical application of acetic acid to amelanotic tissue increases nuclear scattering due to changes in the refractive index structure of the nucleus. The reflectivity of amelanotic tissue stained with acetic acid was calculated assuming its nuclear refractive index difference doubles after the application of acidic acid while the mean nuclear index remains constant. 27 Contrast in melanotic tissue is provided by the refractive index difference between melanin granules and the surrounding cytoplasm. 8 The reflectivity for melanotic tissue was calculated using the refractive indices for melanin 28 and cytoplasm. 29 The reflectivity of gold nanoparticles was approximated using the refractive index data for a gold nanoparticle film. 30 The significance of the SBR model is illustrated in Fig. 5 . As shown, the gold nanoparticles and melanotic tissue provide sufficient ͑ Ͼ 1͒ SBR over the entire range of Rayleigh scatter considered; however, the SBR for amelanotic tissue, both with and without acetic acid as a contrast enhancer, is only practical when image-guide Rayleigh scatter is low. The vertical dashed line indicating the sum of the terminal reflections divides the plot into terminal-reflection-limited and Rayleigh-scatter-limited operating regions ͑the line indicates total termination backscatter equals Rayleigh backscatter͒. The best imaging performance is achieved at longer wavelengths where backscatter due to Rayleigh scatter is less than that due to the terminal reflections.
In a previous paper, we showed that it is not possible to completely eliminate the terminal reflections from the imageguide fibers. 14 This is due to the gradient index profile of the fibers and the considerable variation in size and shape between fiber cores. A refractive index coupling medium that minimizes the terminal reflection for one fiber at one wavelength is unlikely to minimize all other fibers at the same wavelength due to differences in mode confinement relative to the graded-index profile. In practice, the index-matching medium should be determined empirically at a particular wavelength to minimize the global terminal reflections from all fibers taken together. In Fig. 5 , we used the mean value of the wavelength-independent backscatter measurements for the sum of the terminal reflection, R D + R P = R 0 = 46.9 dB, as indicated by the dashed vertical line. As illustrated in Fig. 5 , the best SBR is achieved when operating to the left of the dashed line when backscatter noise is terminal-reflection limited. The wavelength axis of Fig. 5 is mapped to the Rayleigh scatter axis assuming an image guide length of 2 m and the experimentally measured values for Rayleigh scatter coefficient Ā = 2.6 and fiber mode-coupled transmission T c = 0.87. Therefore, given that terminal reflections have been minimized, SBR is terminal-reflection limited at wavelengths of Ͼ860 nm. In this operation region, the SBR for amelanotic tissue will be slightly greater than 1 and will increase to 10 with the addition of acetic acid. Similarly, the SBR is predicted to be 50 for melanotic tissue and several hundred for gold nanoparticles.
Conclusions
The SBR of confocal reflectance imaging using a fiber-optic image guide is limited by backscatter due to the image guide. The dominant source of backscatter noise is due to Rayleigh scatter at short wavelengths and due to the terminal reflections of the image guide at long wavelengths. We measured the effective Rayleigh scattering coefficient of fibers in a commercial image guide and the constant ͑wavelength indepen-dent͒ reflectivity due their terminal reflections. The effective Rayleigh scattering coefficient and constant reflectivity, averaged over three fibers, were Ā = 2.6 and R 0 = −46.9.
The Rayleigh scatter component of image-guide backscatter can be accurately predicted using the fractional refractive index difference of the fibers. The Rayleigh backscatter intensity increases with the length of the image guide, the doping concentration of the fiber core, and the NA of the fiber. We also presented a simple model that can be used to predict SBR in a fiber-optic confocal reflectance endomicroscope for biologically relevant tissues and contrast agents that cover a wide range of reflectivity.
